Rb family proteins (pRb/p105, Rb2/p130 and p107) play a key role in cell cycle control and are worthily involved in transcription repression and tumor suppression. The mechanisms of transcriptional activation and repression by the Rb gene family has been extensively investigated: pRb, pRb2/p130 and p107 interact with different E2F family factors and can inhibit E2F responsive promoters, interfering with progression of cell cycle, gene transcription, initiation of apoptotic process and cell differentiation. Recent studies have indicated that Rb and Rb2/p130 may be involved in cellular response to DNA damage events, by influencing the transcription of factors involved in DNA repair pathways. In particular, evidences suggest that Rb loss and target gene deregulation impacts on the repair of UV-induced pyrimidine pyrimidone photoproducts (6-4 PP) by regulating the expression of several DNA damage factors involved in UV DNA damage repair processes, including proliferating cell nuclear antigen. Ongoing studies are focused on the mechanisms by which Rb family genes drive cell cycle exit following DNA damage induction, and how Rb gene family's interaction with chromatin remodeling factors can influence DNA repair dynamics.
Introduction
The retinoblastoma family members, Rb/p105, Rb2/ p130 and p107, also known as 'pocket proteins' owing to the structure of their functional domain, are transcriptional regulators, whose activities are linked to the cell cycle. These proteins are involved in the control of cell cycle events, for instance, clonal expansion, terminal cell cycle exit and maintenance of the postmitotic state, as well as the induction of tissue-specific gene expression and the regulation of apoptotic events (Classon and Dyson, 2001) .
The Rb gene family is situated in a key regulatory network, the Rb pathway, comprising other factors, such as, p16, p21, p27, cdk2, cdk4/6, cyclin A/E and cyclin D, and the specific mutation or amplification of one component may inactivate Rb/p105, Rb2/p130 or p107.
Research, using different genetic environments with diverse knockout mouse models, such as RbÀ/À, Rb2À/À and p107À/À, has attempted to elucidate the various functions of the retinoblastoma gene family. These studies have revealed that different genetic backgrounds result in different phenotypes, providing the idea that there is not complete functional redundancy between family members. Their functional individuality was first demonstrated in the T98G human glioblastoma cell line, which is refractory to Rb/p105 and p107 growth suppressive effects, but surprisingly suppressed by Rb2/p130 overexpression (Claudio et al., 1994) .
Numerous roles have been attributed to the Rb gene family, including transcription repression and tumor suppression. Presently, new evidence has surfaced, expanding the gamut of the Rb gene family's activities. The emerging picture is that the Rb gene family plays an important role in maintaining genomic integrity by protecting cells from double-strand breaks (DSBs) that arise during DNA replication or after DNA damage. In particular, their activity is regulated by specific phosphorylations in response to DNA damage, and we will focus this review on the roles played by the Rb gene family in DNA repair and cell cycle checkpoints.
Molecular studies
Structure-based studies completed to reveal the protein interaction surfaces of the pocket proteins have identified an LXCXE domain, a small block of highly conserved amino-acid residues that include the sequence leucine-X-cysteine-X-glutamate, whereby the 'X' denotes any amino-acid residue. The LXCXE domain represents the core Rb binding site and is necessary for induction of DNA synthesis and cellular transformation. Whereas some Rb interacting proteins also contain LXCXE domains, the E2F proteins do not possess any LXCXE domains. Nevertheless, E2F transcription factors interact with similar Rb sequences, a central 'pocket domain', which consists of two densely packed subdomains, A and B, that are connected by a flexible linker, also called the spacer region (Munger, 2003) . Research focusing upon mutations of the LXCXE domain demonstrated that there was no effect on the ability of Rb to bind and inhibit E2F, but these mutants were unable to maintain growth arrest, suggesting that inhibition of E2F activity alone is not sufficient for sustained growth arrest. The LXCXE binding site mutations inhibited active transcriptional repression by Rb and its binding to the corepressors, histone deacetylases (HDAC)-1 and -2, suggesting that one role of the LXCXE binding site in Rb-related growth suppression is the efficient recruitment of these chromatin remodeling enzymes.
Therefore, it would seem that effective growth suppression by Rb requires not only the interaction between Rb and E2F but also the LXCXE binding site, which is important for recruitment of HDAC-1 and -2. In addition to HDACs, Rb also interacts with two other chromatin remodeling enzymes, BRG1 and BRM (Kadam and Emerson, 2003) . These proteins are ATPases, central components of the human SWI-SNF nucleosome-remodeling complex, which is involved in global transcriptional activation because of its ability to bind DNA, disrupt nucleosomes, and provide transcription factors with access to nucleosomal DNA (Zhang et al., 2000) . Previous studies have suggested that SWI-SNF activity may be important for Rb-related growth suppression, and this is dependent on Rb binding to BRG1 at the core of the SWI-SNF complex (Dunaief et al., 1994) . Furthermore, the role of SWI-SNF in Rb growth suppression appears linked, at least in part, to the ability of Rb to efficiently recruit HDAC-1 and -3 (Dahiya et al., 2001) .
Evolutionary conservation
The importance of the Rb pathway is underscored by its evolutionary conservation, paving the way for studies in different model organisms . Cell growth and division requires the coordinated regulation of several events. To guarantee the fidelity of division, cells have evolved a number of complex checkpoint mechanisms that monitor the replication process, ensuring that events are completed correctly (Elledge, 1996) . Rb-like genes have been associated in a complex comprised of p55/CAF1 and other Myb-interacting proteins like dREAM complex, shown to be functionally necessary for the repression of E2F target genes in flies Taylor-Harding et al., 2004) . Rb has been shown to bind to several DNA replication proteins in both mammals and in flies . Retinoblastoma-related protein 3 (RBR3) is a recently discovered member of the retinoblastomarelated family found in maize (Sabelli et al., 2005) . RBR proteins regulate cell division in higher eukaryotes by controlling the E2F/dimerization partner (DP) family of transcription factors that control expression of numerous genes involved in cell cycle progression. RBR3 possesses the characteristic structure and binding activities of pocket proteins, where the interaction depends on an LXCXE motif in the partner proteins and a critical cysteine within the B pocket domain. Like other RBR proteins, RBR3 appears to be regulated by phosphorylation mediated by cyclin-dependent kinases. However, RBR3 expression appears limited to the mitotic stage. This discovery proposes a function different from RBR1, another Rb-related protein previously examined, which is continuously expressed. Studies have demonstrated that RBR3 expression is monitored by RBR1 through the activity of E2F/DP and that RBR3 is the maize equivalent of mammalian p107. Furthermore, maize and related grasses might have developed a compensatory interaction between diverse types of RBR proteins to ensure continuous pocket protein control.
Differences between Rb family members
The expression of each Rb family protein differs according to cell status. Rb2/p130 is highly expressed in quiescent and differentiated cells and its levels drop rapidly when quiescent cells are stimulated to enter the cell cycle (Classon and Dyson, 2001) . In differentiated cells, there is an accumulation of mainly pRb2/p130-E2F-4 complexes that are promptly dissociated when quiescent cells enter the cell cycle. These data suggest that pRb2/p130-E2F-4 complexes may be a marker for the G0 phase of the cell cycle (Dimova and Dyson, 2005) . Meanwhile, p107 levels are generally quite low in terminally differentiated cells and they rise when quiescent cells are stimulated to proliferate. Interestingly, moderate levels of Rb/p105 can be found in most cell types as well as in both quiescent and cycling cells. The Rb gene family members also differ in their binding to the E2F family of transcription factors, and fluctuations in this binding are seen throughout the cell cycle. It is believed that the Rb gene family acts in a sequential manner to prevent S-phase entry. This timed regulation is demonstrated through the complexes formed with the E2F family. In vivo studies demonstrate that Rb2/p130 binds to E2F-4 and -5 in G0 and p107 is associated with E2F-4, especially in G1, whereas Rb/p105 binds to E2F-4 in S phase (Ginsberg et al., 1994; Sardet et al., 1995; Moberg et al., 1996; De Luca et al., 1997; Howard et al., 2000) . This sequence is most likely guided by a sequential activation and deactivation of the Rb gene family.
Like Rb/p105, p107 is a potent inhibitor of E2F-mediated transactivation, and the overexpression of p107 can inhibit proliferation in certain cell types, arresting sensitive cells in G1. Several experiments, however, showed that, although partially compensatory, growth inhibition by Rb/p105 and p107 did not occur through the same mechanism. In the cervical carcinoma cell line C33A, p107 was able to block cell proliferation, whereas Rb/p105 could not, even though both proteins were potent inhibitors of E2F-mediated transcription in this cell line (Zhu et al., 1993; Chen et al., 2002) . Furthermore, various cell cycle regulators rescued growth arrest by Rb/p105 and p107 differentially.
It has been observed that the 'pocket proteins' share many functions, sometimes overlapping one to each other in the cell cycle regulation; nevertheless, in vivo studies have proven that each of them also play very distinctive roles. Classon et al. (2000) generated 3T3 fibroblasts derived from embryos lacking one or more of Rb family proteins (pRb
) and examined their growth and cell cycle characteristics. The various genotypes resulted in differences in the cell cycle progression between the G 1 and S phases, whereas all exhibited a similar doubling time: pRb
À/À and p107
À/À cells showed a shorter G 1 and a lengthening of S phase than wt, p107
À/À and p130
. The derepression of E2F target genes induced an earlier S-phase entry, but other ratelimiting factors required for DNA synthesis are still scarce, leading cells to synthesize DNA more slowly than normally it happens. The pocket proteins may therefore cooperate in coordinating gene transcription to cell cycle progression, each of them acting on specific E2F target genes.
In a study focusing on the functionality of Rb2/p130 (Claudio et al., 1994) , it has been demonstrated that in certain cell lines, such as the glioblastoma cell line T98G, which are deficient of the cdk inhibitor p16, Rb2/ p130 can arrest cell cycle progression, whereas both Rb and p107 do not elicit this growth suppressive effect. These results indicate that even though the Rb family of proteins may complement and compensate each other, they are not fully functionally redundant.
Furthermore, Ruiz et al. (2003) have shown that pRB is essential for the onset of keratinocyte differentiation in mice, whereas the concomitant absence of pRb2/p130 and p107 impairs the terminal differentiation of skin. Furthermore, to further dissect the role of pRb family members in the epidermis, the authors adopted a conditional knockout approach based on the Cre/loxP system (Ruiz et al., 2004) . The targeted deletion of Rb was obtained in stratified epithelia by K14-driven Cre recombinase (K14cre). Using this system, they demonstrated that Rb loss in the epidermis causes hyperplasia and hyperkeratosis, along with remarkable defects in proliferation and differentiation. Also, they found that simultaneous pRb and p107 loss leads to very high apoptotic rates in the hair follicles. In Rb-deficient skin, epidermal differentiation is highly perturbed; indeed, ectopic expression of K6, suprabasal expression of K5 and a reduction in the percentage of K10-expressing cells are observed. Nevertheless, all these defects appeared more severe in the co-absence of p107, indicating that p107 can partially compensate for Rb loss in the epidermis. By contrast, in the skin lacking only p107 and pRb2/p130, Ruiz et al. (2004) observed that the initial differentiation step was unaffected, whereas worthy defects in terminal differentiation existed. These results demonstrate that pRb and p107 functions in epidermis overlap only partially, as they also show different abilities in suppressing hyperplasia and in regulating skin differentiation.
The involvement of RB and RB2/p130 in regulation of differentiation and apoptosis of neural cells has been widely reported as well (Galderisi et al., 2003) . Based on pre-existing studies, Jori et al. (2005) hypothesized that RB and RB2/p130 genes might worthily contribute to marrow stromal stem cell (MSC) differentiation. These authors not only found that both proteins (pRb and pRb2/p130) were highly expressed and upregulated during the neural differentiation but also that their kinetic was well distinct. Furthermore, they assessed that RB2/p130 is mainly involved in determination of generic neural properties, whereas RB mainly acts triggering cholinergic differentiation.
One property common to both p107 and pRb2/p130 is the ability to stably interact in vitro and in vivo with cyclin A/cdk2 (cyclin-dependent kinase-2) and cyclin E/cdk2 complexes. Specifically, in vivo studies have demonstrated that induction of pRb2/p130 inhibits cyclin A-and cyclin E-associated kinase activity. Through this inhibition, pRb2/p130 also induces p27 Kip1 levels by impeding cyclin E-Cdk2 phosphorylation of p27 Kip1 , which in turn generates the proteolytic degradation of p27
Kip1 (Howard et al., 2000) . Moreover, Rb2/ p130 possesses a kinase inhibitory domain in its spacer region that preferentially inhibits cdk2 kinase activity (De Luca et al., 1997) . Interestingly, both cyclins A and E have been found to rescue Rb2/p130-induced cell cycle arrest, indicating the importance of this interaction in cell cycle progression (Claudio et al., 1996) .
Familiar roles -Rb family in transcription repression and apoptosis
The mechanisms of transcriptional activation and repression by the Rb gene family have been investigated extensively. All three-pocket proteins can inhibit E2F-responsive promoters, actively repressing transcription and arresting the growth of cells when they are overexpressed (Claudio et al., 1994; Dimova and Dyson, 2005) . The Rb family inhibits transcriptional activation of E2F and globally represses promoters by recruiting HDACs (Brehm et al., 1998; Luo et al., 1998; MagnaghiJaulin et al., 1998; Stiegler et al., 1998; Ross et al., 2001) . The Rb gene family is believed as to recruit not only components of different chromatin-modifying complexes with HDAC activities but also various factors with histone methyl-transferase activities and ATPdependent chromatin remodeling activities in order to prevent gene transcription. The functions of all three members of the Rb family are regulated by cell cycledependent phosphorylation. Hypophosphorylated Rb2/ p130 proteins will remain bound to E2F-4, preventing the transcription of the genes required for cell cycle progression beyond the G0 phase. E2F-4 functions as a transcriptional repressor in quiescent and early G1 cells when bound to Rb2/p130 and p107. It is conceivable that a loss of these pocket proteins would result in the derepression of E2F-4. This idea has been confirmed by studies performed in p130
À mouse embryonic fibroblasts (Ren et al., 2002) .
It is also interesting to note that the E2F family has the ability to promote apoptosis. However, the Rb family can block E2F-induced apoptosis, providing a level of control in this situation (Lipinski and Jacks, 1999) . Rb family's role in suppressing the apoptotic potential of E2F-1 during the course of normal cellular proliferation is dependent on the Ras-PI3 kinase-Akt signaling pathway and the p53 pathway (Hallstrom and Nevins, 2003) . MDM2 is an E3 ubiquitin ligase that recognizes the N-terminal activation domain (TAD) of proteins belonging to the p53 family. MDM2 interacts with p53 and prevents transcriptional activation by blocking the ability of p53 to associate with factors involved in protein transcription. Furthermore, MDM2's interaction with p53 leads to the ubiquitination and subsequent degradation of p53. Promising results demonstrate that Rb can form a trimeric complex with MDM2 and p53, thereby blocking the antiapoptotic activity of MDM2 by preventing the degradation of p53 (Hsieh et al., 2002) .
Cell cycle checkpoints
The cell's commitment to replicate the genome and subsequently divide is decided in a defined period in late G1, known as the 'restriction point', when the cell switches from its mitogen-dependent growth in early G1 to S phases (Bartek and Lukas, 2003) . The main components of the G1 restriction point are the E2F family of transcription factors, the 'pocket' proteins, Rb and its homologs Rb2/p130 and p107, and the two cell cycle kinases, cdk4/6-cyclin D and cdk2-cyclin E that regulate Rb family members' activities. During the G1 phase, the Rb-HDAC repressor complex binds to the E2F-DP1 transcription factors, inhibiting the downstream transcription. Phosphorylation of Rb by cdk4/6 and cdk2 dissociates the Rb-repressor complex, leading to the release of bound E2F from Rb. 'Free E2F' is now active and ready to drive the transcription of S-phase genes encoding for proteins that switch the cell status from G1 to S phase and that are required for DNA replication . Many different stimuli trigger checkpoint control including DNA damage, contact inhibition, replicative senescence, and growth factor withdrawal. The first three act by inducing the transcription of members of the INK4 or Kip/Cip families of cell cycle kinase inhibitors. Growth factor withdrawal activates GSK3b, which phosphorylates cyclin D, leading to its rapid ubiquitination and proteosomal degradation. Ubiquitination, nuclear export and degradation are mechanisms commonly used to rapidly reduce the concentration of cell cycle control proteins. Myc and Rb pathways predominantly regulate the G1/S transition: they are two parallel, cooperating and interacting cascades that converge on the control of the activity of cyclin E-Cdk2, a crucial G1/S-promoting enzyme that is both essential and rate-limiting for S phase entry (Sherr and Roberts, 1999; Bartek and Lukas, 2001) .
Although pRb and the p107-pRb2/p130 pair regulate different E2F-responsive genes, their roles in the cell cycle control are somewhat redundant. It has been observed that, in vitro, fibroblasts lacking pRb or p107-pRb2/p130 are still able to arrest in G0/G1, whereas those lacking all three pocket-proteins fail to arrest in many different conditions (Dannenberg et al., 2000; Sage et al., 2000) .
Another major cell cycle checkpoint response occurs at the G2/M transition. In this phase, the cells have the last chance to repair errors occurred during DNA duplication, or induced by damaging agents. DNA damage activates a cascade of protein kinases that transmits the damage signal to inhibit the M-phase promoting factor and prevents the entry into mitosis (Wang et al., 2001) .
The G2/M DNA damage checkpoint prevents the cell from entering mitosis (M phase) if the genome is damaged. The Cdc2-cyclin B kinase is pivotal in regulating this transition. During G2 phase, Cdc2 is maintained in an inactive state by the kinases Wee1 and Mt1. As cells approach M phase, the phosphatase Cdc25 is activated by the polo-kinase Pik1. Cdc25 then activates Cdc2, establishing a feedback loop that efficiently drives the cell into mitosis. DNA damage activates the DNA-PK/ATM/ATR kinases, initiating two parallel cascades that inactivate Cdc2-cyclin B. The first cascade rapidly inhibits progression into mitosis: the chk kinases phosphorylate and inactivate Cdc25, which can no longer activate Cdc2. The second cascade is slower, as the phosphorylation of p53 dissociates it from MDM2, activating its DNA binding activity .
The genes that are activated by p53 constitute effectors of this second cascade. They include the following:
-3s, which binds to the phosphorylated Cdc2-cyclin B kinase complex and exports it from the nucleus; GADD45, which binds to and dissociates the Cdc2-cyclin B kinase complex, and p21
Cip1
, an inhibitor of a subset of the cyclin-dependent kinases including Cdc2 (Wang et al., 2001) .
The hidden identity of the Rb family: putative roles of the 'pocket' proteins in DNA repair Damage to DNA is intrinsic to life as its integrity is constantly threatened from both exogenous agents, like radiation or chemicals, and endogenous sources, such as free radicals produced during metabolic processes. The integrity and the faithful replication of the genetic information are of paramount importance for living organisms. DNA damage accumulation can induce permanent fatal changes that might lead to the onset Roles for the retinoblastoma gene family C Genovese et al of cancer, or impair cell functions and trigger either apoptosis or irreversible growth arrest. In order to face potential deleterious effects of DNA damage, cells have evolved numerous repair factors and processes for DNA upkeep and maintenance. Living organisms have developed a complicated network of DNA-repair processes, each of them dedicated to the correction of specific lesion subclasses.
Deamination, oxidation, depurination, pyrimidine dimerization induced by UV light, single-strand breaks and DSBs caused by IR have potentially devastating consequences for cell viability and accuracy of genomic replication. All of these lesions have been shown to block transcription in vivo and in vitro, and to be implicated in signaling cell cycle arrest and apoptosis (Kulms and Schwarz, 2002) . Cell survival after DNA damage is dependent on two important biological responses: the activation of cell cycle checkpoints and of DNA repair machinery (Hartwell and Kastan, 1994) .
Excision repair (ER) and mismatch repair (MMR) systems correct damage to individual nucleotides or small errors introduced during replication, using complementary undamaged strands as a template for repair. DNA ER can be divided in two major variants: base excision repair (BER) and nucleotide excision repair (NER) (Sharova, 2005) . NER intervenes mainly to eliminate the so-called bulky-DNA adducts and helixdistorting lesions: its main function in humans is the removal of UV-induced DNA photoproducts caused by exposure of cells to sunlight. BER is the main process used in eukaryotes to remove covalent DNA adducts, small base damages, as well as to repair spontaneous hydrolytic depurination of DNA and deamination of cytosine and 5-methylcytosine residues.
The most harmful form of DNA damage is DSBs that can be caused by a multitude of exogenous or endogenous factors. These lesions are potentially very dangerous for genomic integrity: if not adequately repaired, they can lead to the cell death through the generation of lethal chromosomal aberrations or direct induction of apoptosis (Khanna and Jackson, 2001) . Furthermore, an inaccurate repair may result in mutations or genomic rearrangements in a surviving and proliferating cell; the consequent genomic instability may in turn lead to malignant cell transformation. The main difference shown by DNA DSBs compared to many other types of DNA lesions, including singlestrand breaks, is that both DNA strands are damaged, which impedes the use of the complementary strand as template in the repair process.
Mechanisms evolved to deal with DNA DSBs in eukaryotes are many and intricate: this indicates how repairing this type of injury is relevant and difficult for the living organisms. The two major pathways used by cells to repair DNA DSBs are homologous recombination (HR) and non-homologous end joining (NHEJ) (Pastwa and Blasiak, 2003) . They contribute differently to the repair according to the stage of the cell cycle: this revolves on the fact that HR requires a homologous template DNA strand, whereas NHEJ does not. Therefore, HR is most efficient in the S and G2 phases, as during these stages sister chromatids are available, whereas in G1 and G0 DSB, repair is mostly elicited through NHEJ. The two processes also differ in the fidelity: precisely, HR ensures accurate DSB repair, whereas NHEJ is an error-prone process.
To attempt the recovery of serious lesions through the most appropriate repair mechanisms, the DNA damage response machinery has to trigger the arrest of normal cell cycle progression. It happens at determined transition points identified as 'cell cycle checkpoints': this step plays an essential role in the preservation of genomic stability by limiting the propagation of deleterious mutations to the daughter cells .
Many studies have collected evidence for an immediate and substantial response of mammalian cells to the introduction of DNA DSBs. This response involves the formation of so-called 'g-H2AX foci': after DSB induction, H2AX histone becomes rapidly phosphorylated on serine 139 (Rogakou et al., 1998) on chromosomal regions that encompass megabase lengths of DNA adjacent to the breaks (Rogakou et al., 1999) . In addition, foci of DSB-repair proteins, including Rad50 and Rad51, distinctive components of the HR DSB repair pathway, occur specifically within these domains, co-localizing with phosphorylated H2AXs (Paull et al., 2000) . Also, the product of the tumor suppressor gene BRCA1 co-localizes with g-H2AX too, and its recruitment to these sites is observed earlier than Rad50 and Rad51 foci appearance. Based on their results, Paul et al. suggested that g-H2AX and PI-3 protein kinase family foci, observed at sites of DSBs, might change the chromatin structure in order to signal the presence of DNA damages and to facilitate repair.
Undoubtedly, the appearance of g-H2AX is a component of the DNA damage checkpoint response and, similarly, the disappearance of g-H2AX would probably indicate that the cells have successfully repaired DSBs (Downs et al., 2000) . H2AX phosphorylation and dephosphorylation may represent a specialized cycle of chromatin expansions and contractions, necessary in response to the formation and repair of DSBs -a cycle that most likely influences DNA events in both mitotic repair and meiotic recombination (Hunter et al., 2001) .
In yeast and mammalian cells, DSBs provoke the formation of defined nuclear structures called irradiation-induced foci (IRIF). IRIF are thought to originate by chromatin modification, such as H2AX phosphorylation, at the site of the DSB, followed by the recruitment of signaling and repair factors. For example, MRN complex, composed of Mre11/Rad50/Nbs1, localizes to DSBs and is critical for the formation of IRIF and the consequent response to DNA damage (Petrini and Stracker, 2003) . Various data have indicated that DNA damage signals prevent Rb phosphorylation, thereby activating the Rb pathway (Downs et al., 2000) . Recent studies have demonstrated that Rb2/p130 may have an indirect role by influencing the transcription of other factors involved in DNA repair (Claudio, personal comunication) . Recent evidence also suggests that Rb regulates the expression of several DNA damage repair factors involved in UV damage repair processes including FEN1, XPC, RPA2-3, RFC4 and PCNA .
Rb family and DNA damage response: how cell cycle regulation helps DNA repair Rb is recruited to certain replication initiation sites after DNA damage, presumably to suppress abnormal replication activity (Avni et al., 2003) . It is uncertain whether E2F and Rb directly regulate DNA replication during the normal cell cycle progression or whether their functions are restricted only to certain situations, such as in response to DNA damage. There is now an extensive series of links between the E2F/Rb pathway and DNA replication, recombination and repair, in addition to the Rb gene family's role as an essential mediator of growth and differentiation signals.
Several tumor suppressor proteins play key roles in the maintenance of an appropriate DNA damage response. In fact, the G1 checkpoint in particular is disabled through a variety of mechanisms, such as loss of p16
INK4A , loss of Rb, overexpression of cyclin D1 or overexpression of cdk4 (Sherr, 1996) . Rb is crucial for the maintenance of the DNA damage checkpoint function because it elicits cell cycle arrest in response to a variety of genotoxic stresses. Several studies have identified promoter sequences that are selectively bound by individual Rb family members.
The three facets of Rb action in the DNA damage checkpoint response can be divided into (1) transcriptional repression of E2F-regulated genes; (2) induction of cell cycle arrest and (3) inhibition of DNA DSB accumulation .
The Rb protein provides a measure of G1 exit control to cells through its ability to serve as a part of a transcriptional repressing complex and through its phosphorylation state that is tightly regulated during the cell cycle. It is important to note that cells lacking Rb are deficient for the G1 checkpoint response to DNA damage. Data from experiments studying the cell cycle kinetics of the cellular response to ultraviolet (UV) and ionizing radiation (IR) damage in adult mouse fibroblasts (MAF) indicate that a rapid response to UV and IR damage was compromised in Rb-deficient cells. These results imply that Rb loss is sufficient to bypass the rapid checkpoint response to DNA damage (Bosco and Knudsen, 2005) . During early G1 phase of the cell cycle, Rb is present in its active, hypophosphorylated form and binds to the E2F transcription factors, thereby repressing their function. The mode of Rb-mediated transcriptional repression appears to be promoter specific and it is dependent on a variety of proteins that are recruited by Rb to promoters (Markey et al., 2002) . Rb assembles transcription repression complexes at promoters that are regulated by the E2F-family of transcription factors. These include promoters of cyclin E, cyclin A, cdc2, DNA polymerase a, proliferating cell nuclear antigen (PCNA), thymidine kinase and dihydrofolate reductase (Naderi et al., 2002) . Research conducted in mammalian cells proposed that Rb inhibits DNA replication in part by disrupting the chromatin association of PCNA . Once activated/dephosphorylated, Rb can inhibit G1-and Sphase progression. It has been well documented in literature that Rb is inactivated by phosphorylation at G1/S transition through the action of cyclin-dependent kinases and this phosphorylation of Rb is required for S phase. Following DNA damage, the presence of Rb is required for cell cycle inhibition. DNA damage activates Rb by elevating its dephosphorylated form, potentially intervening through the p53 pathway. This response has been assessed in studies utilizing mouse embryonic fibroblasts (MEF) (Bosco and Knudsen, 2005) . The activation of the p53/p21
Cip1 pathway in DNA damage response has the downstream consequence of accumulating Rb in its hypophosphorylated form and therefore in active conformation. Rb is an essential player in this network owing to its regulation of the expression of a wide range of DNA repair factors.
Rb has been localized to sites of DNA replication early in S phase. Knudsen et al. (2000) have reported that Rb also plays a role in causing an S-phase arrest in cells that have encountered a high dose of DNA damaging agents, such as cisplatin and mitomycin C. In fact, the Rb protein is dephosphorylated in S-phase cells following DNA damage. Subsequent to the dephosphorylation of Rb, DNA synthesis is completely blocked even in cells with S-phase DNA content. Utilizing a conditional knockout system to render adult fibroblasts, Rb-deficient, S-phase Rb À/À cells exposed to g-radiation or certain chemical DNA-damaging agents experience hyper-replication and hyperploidy (Niculescu et al., 1998; Lan et al., 2002) . Rb may also regulate the progression through S phase via its interaction with the SWI/SNF complexes.
In response to IR, cell cycle checkpoints are activated to provide time for DNA repair. DNA damage elicits arrest at both G1 and G2 phases of the cell cycle. Rb is required for radiation induced G1 arrest and it has also been demonstrated to regulate the duration of G2 (Naderi et al., 2002) . G1 arrest is brought about through the activation of the p53/p21
Cip1 regulatory pathway, which requires functional Rb protein. Furthermore, the activation of p53 and p21 is normal in Rb-deficient cells, although these cells do not undergo G1 arrest because they lack Rb (Wang et al., 2001) . These investigations provide sufficient evidence that Rb has an essential role in arresting cells in G1, following DNA damage by demonstrating that Rb is necessary for the p53/p21 pathway to exert a negative effect on G1/S transition.
IRs induce DNA DSBs, which are repaired through a homologous recombinant mechanism (HR), most effective during G2 phase of the cell cycle, or the nonhomologous rejoining of DNA fragments by the NHEJ machinery. DNA repair is more efficient during G2 phase of the cell cycle because of the existence of sister chromatids. The concept that G2 checkpoint is activated to allow time for repair would predict that the duration of G2 arrest should be proportional to the extent of DNA damage. The initiation of the G2 checkpoint is an Rb-independent event, but Rb, similarly to p53, is required for the maintenance of G2 arrest. Rb becomes activated in G2-arrested cells following a high dose of IR through p53 and p21
Cip1 intervention, participating in a cell cycle exit at G2. The prolongation of G2 arrest in the Rb þ / þ cells correlated with a gradual accumulation of hypophosphorylated Rb and it is believed that radiation induced damage initiate signaling pathways that lead to Rb-dephosphorylation (Naderi et al., 2002) . However, the activation of G2 checkpoint is independent from the extent of DNA damage and does not require Rb, whereas the duration of G2 arrest most likely depends on the extent of DNA damage and Rb function.
The establishment of G2 arrest also relies on Chk1-dependent inactivation of the cyclin B1-Cdc2 kinase. Studies have determined that Rb plays an essential role in regulating the duration of the G2 checkpoint response in human cells. The loss of this Rb-dependent prolongation of G2 arrest sensitizes cells to IR-induced apoptosis and increases the probability of tumor development or progression. Therefore, clearly, Rb plays a role in controlling the biological outcome in DNA damage response.
It has been proven that when DNA damage occurs in G2 phase and cell cycle is arrested, several genes normally required for G2 and M phase become downregulated (Crawford and Piwnica-Worms, 2001; Chang et al., 2002; Ren et al., 2002) . Interestingly, Jackson et al. (2005) have demonstrated that especially pRb2/ p130 and p107 are critical regulators in the expression of G2/M required genes (e.g. CDK1, Cyclin B1, PLK1, SMC4L1 for chromatin condensation, STATH-MIN for spindle formation, and PRC1 and RB6K for cytokinesis).
Their results lead to hypothesize that CDE/CHR elements in the promoter sequences of these genes have a major role in DNA-damage induced repression by pRb2/p130 and p107. Loss of function of the pathway involving p21/WAF1, CDKs and Rb-family proteins results in a lower cellular ability to initiate and maintain a transient G2/M block.
Recent studies demonstrated that the expression of the E7 protein of the human papillomavirus (HPV) inactivates the Rb family of proteins and causes the subsequent induction of genomic instability in diploid human fibroblasts (White et al., 1994) . Rb inactivation and the resulting deregulation of one E2F family member, E2F1, leads to DNA DSB accumulation in normal diploid human cells. This DSBs' accretion occurs independently of Atm, p53, caspases, reactive oxygen species and apoptosis. E2F1-associated DSBs are not observed in a p16
INK4A -inactivated cell line that retains functional Rb, unless Rb is depleted (Pickering and Kowalik, 2006) . These results validate the idea that Rb is essential not only in the regulation of the proliferation-promoting factor E2F-1 but also in preventing DNA damage accumulation in the presence of E2F1 deregulation.
A unique role for Rb2/p130 and p107 in repressing c-myc (key regulators of cellular growth, apoptosis, differentiation and stem cell self-renewal) expression has also been recently revealed (Chen et al., 2002) . Rb2/p130 and p107 are displaced from the promoters of cell cycle-regulated genes during S phase, but they remain bound at the promoters of apoptotic regulators. Studies focusing on the overexpression effects of p107 protein in fibroblasts demonstrated a subsequent inhibition of Cdk2 activation and a marked delay in S phase entry (Rodier et al., 2005) . The inhibition of Cdk2 activity is correlated with the accumulation of p27, consequent to a decreased degradation of the protein. Based on experimental data, it is speculated that p27, an inhibitor of Cdk2, indirectly triggers Rb hypophosphorylation in late G1. Furthermore, immunoprecipitation assays have confirmed an association between the cell growth suppressor p27, pRb2/p130 and cyclin E (Howard et al., 2000; Paggi and Giordano, 2001) . It is, therefore, likely that p27 binds to the cyclin E/cdk2 complex causing a decrease in cyclin E/cdk2 kinase activity and, consequently, the hypophosphorylation of Rb and Rb2/p130 in late G1. Induction of Rb2/p130 expression results in inhibition of cyclin E-associated kinase activity that induces p27
Kip1 levels by preventing its degradation (Howard et al., 2000) . Most likely, Rb2/p130 participates in a positive feedback loop in which Rb2/p130's inhibition of cdk2-associated kinase activity would generate high p27
Kip1 levels that would inhibit other cdk activity, thereby preventing Rb2/p130 inactivation by other cdks (Howard et al., 2000) . Also, Rb2/p130 and p107 contain a motif similar to the one found in the p21/cdk-inhibitor, which grants the ability to bind and inhibit cdks, suggesting that p107 and pRb2/p130 may also be responsible for an interaction that affects cdk activity (Woo et al., 1997) . Rb2/p130 uniquely also possesses another distinct kinase inhibitory domain, found within its spacer region, which selectively inhibits cdk2 kinase activity (De Luca et al., 1997; Howard et al., 1998) .
Recent studies pointed out that in p107-overexpressing cells, a decrease in Skp2, an adaptor that recognizes the phosphorylated form of p27, facilitates the ubiquitination of p27 (Rodier et al., 2005) . Reciprocally, Skp2 accumulates to higher levels in p107-/-embryonic fibroblasts. Interestingly, the ectopic expression of Skp2 restores p27 downregulation and DNA synthesis to the levels observed in normal cells, whereas the inactivation of Skp2 abrogates the inhibitory effect of p107 on S phase entry. The authors also demonstrated that a serum-dependent increase in Skp2 half-life observed during G1 progression is impaired in cells overexpressing p107. Therefore, p107, in addition to its interaction with E2F, may also inhibit cell proliferation through the control of Skp2 expression and the resulting stabilization of p27.
Conclusions
In response to DNA damage, cells can either undergo programmed cell death or trigger damage-induced checkpoints, allowing cell cycle arrests while DNA lesions are being repaired. To preserve DNA stability and cell viability, living organisms have developed and tuned a series of highly specific DNA repair systems able to counteract the effects of genotoxic stress.
It is well recognized that the pocket proteins Rb, p107 and pRb2/p130 negatively regulate cell cycle progression, although the mechanisms responsible for this inhibition are not fully understood. Current research suggests that the role played by the Rb gene family in cell cycle control through both checkpoint networks and transcriptional regulation might be essential in DNA damage-induced response: in fact, evidence exists that Rb family members differently, but worthily, contribute to stabilization of cell cycle arrest (Rb) or to the downregulation (pRb2/p130 and p107) of specific E2F-target genes.
In numerous studies performed in MEFs, as well as adult primary cells, it has been confirmed that Rb loss causes an impairment of the DNA damage checkpoint and cell cycle progression becomes uncontrolled following UV and IR-induced DNA damage (Bosco and Knudsen, 2005) . Two theories have been proposed, the first suggesting that Rb directly inhibits the replication machinery and the second suggesting that Rb indirectly inhibits replication by acting upon downstream transcriptional targets (Bosco and Knudsen, 2005) . The Rb family serves as a downregulator of a large number of DNA replication factors, a function consistent with its role in the inhibition of DNA replication. Immunoblot analysis of several of the replication protein targets confirmed that DNA replication factors were downregulated at their protein level after exposure to genotoxic agents and in the presence of functioning Rb. Importantly, the attenuation of these proteins occurred in concert with cell cycle inhibition, indicating that their deficiency might participate in the observed blockage of replication. Ongoing studies are determining the functional role of these targets in Rb-mediated replication control. The targeting of proteins involved in DNA repair and G2-M progression suggests that Rb could participate in the inhibition of the latter one, elucidating the role of Rb in DNA damage-induced checkpoint regulation (Markey et al., 2002) . Consistent with the role of Rb in G2-M control, it has been reported that Rb, along with p53, is required for the maintenance of the DNA damage-induced G2-M arrest that is also facilitated by downregulation of cyclin B1. In the process of downregulation of cyclin B1 as well as of several other genes (e.g. CDK1, PLK1, SMC4L1 for chromatin condensation, STATHMIN for spindle formation, and PRC1 and RB6K for cytokinesis) required for the normal progression of G2 and M phases, a major role is ascribed specifically to pRb2/p130 and p107. Therefore, pRb, p107 and pRb2/p130 might act in a complementary, but nonoverlapping way in the picture of DNA repair processes.
Current data suggest that loss of DNA damage checkpoint control supports the progression of cancer through different stages of tumorigenesis. The loss of Rb or other Rb-family members results in the impairing of essential growth control pathways, the accumulation of severe DNA lesions, such as DSBs, and the consequent genetic instability that can trigger neoplastic transformation (Pickering and Kowalik, 2006) . Mutations in the Rb pathway are believed to occur in nearly all human cancers (Sherr, 1996) . Seemingly, the functional inactivation of one or more of the Rb family genes may provide the cells with the opportunity for uncontrolled proliferation, the hallmark of cancer.
Recent studies have improved our understanding of the molecular mechanisms through which Rb/p105, Rb2/p130 and p107 interact with other cellular components, as well as, their impact on G1/S and G2/M control and cell proliferation. It has been revealed that Rb2/p130 could also contribute to G1 arrest through its unique spacer region, which grants the ability to suppress cdk2 kinase activity, thereby decreasing the activity of kinases that allow the cell to enter S-phase (De Luca et al., 1997) . Furthermore, according to several studies using fibroblasts from knockout mouse embryos, the deficiency of Rb or of more than one family member exhibits a shortened G1 phase of the cell cycle and subsequent lengthening of S phase (Ruiz et al., 2004) . The binding of Rb family proteins with the E2F family of transcription factors seems to be pivotal in leading cell cycle progression and DNA replication by determining the expression of cell cycle E2F-dependent genes (Frolov and Dyson, 2004) . However, there may be other undisclosed important participants. Many studies have been conducted upon chromatin structure changes in order to attempt to understand the mechanism of postdamage Rb suppression of DNA replication. The Rb gene family's interaction with chromatin remodeling factors may uncover other crucial players in the complex signaling network responsible for DNA damage response. Ongoing studies are continuing to focus on the exact mechanisms by which Rb family permits cell cycle exit upon the occurrence of DNA damage. New findings in DNA repair mechanisms have continued to revise the picture of how this gene family may perform in enhancing and controlling DNA damage repair dynamics.
Additional studies are awaited that might elucidate the complex and specific modality by which the Rb brothers intervene in promoting DNA damage response and repair processes.
